In the past years, the microbiome and its role in the pathophysiology of diseases have gained great interest. The progress of our knowledge in this field opens completely novel prospects for treating disorders, including those which are most challenging to medicine today. Of special interest are studies on the interactions of the microbiome with the immune system. Only recently has the presence of bacteriophages in the microbiome been highlighted, and their potential role in maintaining normal immunity has gained increasing attention. We summarize the available data pointing to the potential impact of phages in maintaining immunological homeostasis.
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Phages & the immune system
The current surge of interest in the microbiome and the recent application of advanced sequencing technology have allowed us to determine the microbiome's role in disease pathophysiology and its potential modulation for therapeutic purposes [1] . The interactions among the intestinal immune system, the epithelial barrier and the bacteria that reside on, are fundamental to maintaining a healthy gut homeostasis [2, 3] . A schema of intestinal phage translocation and its protective role is shown in Figure 1 . The microbiota has an important role in shaping the human immune system, for example, interindividual variation in responses to vaccines, chemotherapy and immune-modulating agents is influenced by differences in the gut microbiota [4] . This fascination with the gut microbiota shows no signs of slowing down, which is confirmed by the launch of the US National Microbiome Initiative in 2016 and similar activities worldwide [5] . The explosion of microbiome research is also illustrated by the fivefold increase in the number of relevant citations in the past 5 years [6] .
From their discovery 100 years ago, until the end of the 20th century, the vast majority of studies concentrated on the well-known antibacterial effects of phages. Although phages have been used for immunization to evaluate humoral immunity in animals and patients with immunodeficiency syndromes, no data are available on phage interactions with the immune system and the potential implications of such phenomena for shaping the immune system. This contrasts with the knowledge about the interactions of pathogenic viruses with the immune system, which is quite rich even though pathogenic viruses were described at approximately the same time as phages. Yet -as already mentioned -review articles addressing the relationship between viruses and the immune system -including the most recent one published by Nature Reviews Immunology -usually do not mention phages [4, 7, 8] . As rightly pointed out by a Nobel laureate Joshua Lederberg "…little is known of the interaction of bacteriophages with the mammalian host even while they are universally present… in the lower gut" [9] . Bacterial viruses (phages) have only recently been shown to coexist in great abundance, and many of them are persistent, highly personalized members of the microbiome. Most of them appear to be lysogenic, dsDNA viruses belonging to the Caudovirales order, and their concentration may be as high as 10 9 per gram of feces [10] . Interestingly, the same individual was found to harbor a very similar fecal phage community over at least a 1-year period, which varied by less than 5% [11] .
We hypothesized that intestinal phages may have protective potential, not only contributing to the elimination of bacteria but also inhibiting the local immune and inflammatory reactions, thus contributing to maintenance of immune homeostasis [12] . Furthermore, the phenomenon future science group www.futuremedicine.com of translocation can enable phages to migrate to distant tissues and interact with cells of the immune system locally and at other sites [13] . We postulated that at least some phages (e.g., T4) could interact with cells of the immune system using the Lys-Gly-Asp (KGD) sequence present in the capsid protein gp24 and the respective cellular receptor β-3 integrin also used by some pathogenic viruses [14] . Interestingly, this sequence is also present within the CD40 ligand, known to activate endothelium and platelets, and stimulate inflammation, and is crucial for T-and B-lymphocyte activation -the interruption of CD40-CD40L interactions has strong immunosuppressive properties. Further evidence for our concept of endogenous phage-dependent support to our immune system has been provided by the data of Barr et al., who described the symbiotic relationship between the phage and the metazoan host, providing antimicrobial defenses actively protecting intestinal mucosal surfaces from bacterial invasion [15] . The authors observed increased phage-to-bacteria ratios on all mucosal surfaces assayed, from cnidarians to humans. This enrichment occurs via binding interactions between mucin glycoproteins and immunoglobulin-like protein domains exposed on phage capsids and provides nonhost-derived mucosal immunity [15] .
•
• Phage interactions with lymphocytes
Human T cells exhibit adhesive interactions with immobilized T4 and HAP1 phages; such interactions can be mediated by at least some phage capsid proteins. For example, it has been demonstrated that T cells adhere to gp24 (but not Hoc) protein. This interaction seems to be mediated by integrins of the β-1 and β-3 families as they can be blocked by respective monoclonal antibodies and the β-3 function inhibitor, eptifibatide [16] . T cells from spleen of naive mice exposed to Felix-01 Salmonella phages give weak proliferative responses in vitro. However, those responses are higher when mice had been immunized by prior phage administration. Those data suggest that some low level of T-cell sensitization to phage may exist in normal individuals and this reactivity can be upregulated by phage administration [17] . Purified T4 phage strongly inhibits CD3 receptor induced T-cell proliferation in vitro; however, it is unclear to what extent this effect is also dependent on lipopolysaccharide (LPS), which may induce similar effects even in very low concentrations. The same phage preparations have been shown to inhibit skin allograft rejection in normal and sensitized mice, reducing allograft infiltration [18] and inhibiting alloantigen-induced immunoglobulin production in vitro as well as specific antibody responses in mice [16] . On the other hand, phage lysate of Staphylococcus aureus (but not purified phage preparation) is a potent polyclonal B-cell activator. B-cell activation is mediated by staphylococcal protein A present in the lysate [19] . Immune monitoring of patients on phage therapy suggests that it may cause transient fluctuations of T-, Band NK-cell reactivities as well as their numbers in peripheral blood. But the treatment does not appear to significantly alter the immune status of patients when compared with their pretreatment immune parameters [16] .
DĄbrowska et al. have shown that phage proteins differ in their ability to stimulate humoral responses in mice; in this regard, gp23 and Hoc induced significantly higher production of IgM and IgG, while production of gp24-specific IgM and IgG was weak, and the weakest antibody response was induced by Soc protein [20] . Moreover, oral phage application induced only very weak responses even with prolonged administration [21] . An extensive analysis of antiphage antibody responses in patients on phage therapy confirmed a virtual lack of immunogenic effect of orally applied phages. This confirms the data of Bruttin and Brüssow [22] . Interestingly, the level of antibody responses was not correlated with the outcome of therapy. What is more, high antibody levels were detected in 43% of patients treated with phage cocktails versus only in 17% of patients on monotherapy [23, 24] . The S. aureus phage cocktails were composed of three phages: S. aureus A5/80, S. aureus P4/6409 and S. aureus 676/Z. Monotherapy was used with various monovalent S. aureus phages.
Phages vary in their immunogenicity, and the humoral response also depends on the route of administration, dose and the patient's immune status [23, 24] . Recently, we presented a vision to develop and establish a bank of phages specific to the most threatening pathogens and armed with homing peptides enabling their selective localization in infected tissues and stable eradication of infection [25] . As shown by the Ruoslahti group, the endothelia of vessels of different organs are molecularly different (vascular zip codes). The studies have allowed for identification of such organ-specific peptides that may be expressed on the phage surface as tissue-homing peptides [25] .
future science group This methodology should reduce the exposure of therapeutic phages with cells of the immune system, thus contributing to downregulation of antiphage immune responses.
However, it cannot be excluded that in fact high antibody responses, measured in patients' sera, have a positive prognostic value reflecting phage therapy dependent recovery of the immune system that can cope more efficiently with infection [26] . The rate of phage inactivation (K) less than 5 was estimated as weak phage neutralization, between 5 and 18 as a medium level. K above 18 (≥50% neutralization at serum dilution ≥1:800) was associated with high phage neutralization [23] . Recently, Jain et al. have demonstrated that Brucella abortus phage lysate absorbed on aluminum gel elicits strong humoral and cell-mediated immune responses in guinea pigs and protection comparable to a standard vaccine. This suggests that this methodology can be explored to produce a new class of immunotherapeutic agents [27] . The details of immune monitoring of patients on phage therapy have been described in detail [16] .
• Phages & phagocytes
Intracellular killing of bacteria (IKB) is one of the fundamental defensive functions of granulocytes and monocytes against invading pathogens. Phages may induce only minimal oxygen species production by phagocytes and may lower their release induced by bacteria and LPS [28, 29] , whereas they appear to exert only minor effects on phagocytosis. In fact, the treatment of infected and uninfected mice with phages did not significantly alter the rate of phagocytosis by blood granulocytes and monocytes [30] . Therefore, it was important to determine phage effects on IKB. In vitro studies have shown that phage lysates and purified phage preparations did not influence IKB by human granulocytes and monocytes. This lack of effect was evident using different titers of phages homologous and heterologous to bacteria. Likewise, the majority of purified phage preparations and phage lysates did not affect human granulocyte and monocyte migration [16] . As already noted, A3R phage was also found not to induce degranulation of those phagocytes.
The effect of phage therapy on IKB has been studied by Jończyk-Matysiak et al. [31] . As could be expected, IKB of patients prior to therapy was generally reduced while the therapy did not cause further reduction in IKB of a standard Escherichia coli B strain. Similar results were obtained when IKB of specific pathogens isolated from patients was analyzed. Interestingly, a significant increase of monocyte IKB was noted in patients with chronic urinary tract infections subjected to phage therapy. In addition, monocyte-dependent IKB of E. coli B was a good prognostic sign of therapy effectiveness.
Purified T4 phage and phage lysate of E. coli did not affect the expression of CD40, CD80 or CD86 on monocytes activated by LPS. This strongly suggests that phage therapy -at least in patients with infections caused by Gram-negative bacteria -does not overly stimulate monocytes [32] . In a parallel study, the same group assayed the effects of purified T4 and A3R phages and their lysates on the differentiation of human myeloid dendritic cells from monocytes [33] . This first study to evaluate the influence of phages on human dendritic cells revealed no detrimental effects of phages on their differentiation and the expression of molecules for some of those cells' main functions, especially their role in T-cell activation and phagocytosis [33] . Those results are in line with the results of Miernikiewicz et al. [34] , who reported that T4 phage does not significantly affect the expression of CD40, CD80, CD86 or MHC class II molecules on murine dendritic cells. However -as already mentioned -the activation of mouse bone marrow derived dendritic cells with T4 phages and tumor antigens resulted in augmented expression of their differentiation markers associated with an enhanced ability to prime T cells for IFN-γ production and tumor growth inhibition [35] . In addition, An et al. reported that Cronobacter sakazakii phage can elicit maturation of murine dendritic cells [36] . In contrast, Bocian et al. [33] found that both T4 and A3R phages did not stimulate production of IL-12 by human dendritic cells, thus indicating that they do not activate immature human dendritic cells (IL-12 production is a feature of antigen-activated mature dendritic cells). Apparently, phage effects on dendritic cells may vary depending on phage type and host (effects in mice may be different from those manifested in humans). Evidently, more studies are necessary to shed light on phage effects on dendritic cells and their practical implications in immunotherapy.
• Phages & inflammation
Evidence has accumulated to indicate that phages and their proteins do not stimulate inflammatory mediators and reactive oxygen future science group www.futuremedicine.com species production in vitro and when administered in mice and in humans. What is more, phages may exert strong anti-inflammatory effects using mechanisms that appear to be unrelated to their well-known antibacterial action. For example, data derived from in vivo studies in noninfected animals and in vitro using bacteria-free systems clearly indicate that the effects observed are not dependent on mere reduction in the number of bacteria by phages but their direct interactions with immune cells. Those anti-inflammatory effects of phages have been recently summarized, so those phenomena will not be discussed here in detail [26] .
Neutrophil degranulation can be induced by some animal and human viruses, and the phenomenon may be responsible for some pathologies related to viral infections. Our recent work has revealed that purified A3R staphylococcal phage and phage lysate of S. aureus -in contrast to S. aureus cells -do not induce exocytosis of primary and secondary neutrophil granules. Thus, unlike animal and human viruses, A3R phage and the products of A3R-mediated lysis of S. aureus should not result in the release of potentially toxic mediators from neutrophil granules [37] .
Our recent publication on anti-inflammatory effects of purified recombinant phage tail adhesion protein (gp12) appears to be especially relevant. Gp12 has been shown to bind to LPS in vitro without affecting the viability and proliferation rate of mammalian cells (fibroblasts and endothelium). When administered in mice, the protein caused almost complete disappearance of IL-1α circulation in the sera of animals challenged with LPS and a reduction in IL-6 serum levels by approximately 50%. Furthermore, the protein significantly reduced leukocytic infiltration of the lungs, spleen and liver, while not producing any inflammatory effect or injury in control animals [38] . These effects resemble similar phenomena caused by whole T4 phage administered to mice bearing skin allografts [18] . Moreover, the release of filamentous Pf Pseudomonas phage was also associated with reduced lung injury and lower cytokine levels [39] . Wang et al. demonstrated that phage therapy of uninfected mice does not alter the cytokine levels and significantly lowers those levels during therapy in infected mice, attenuating inflammation caused by S. aureus [40] . Similar findings were reported by Pabary et al., whose data indicate that phage administration reduced inflammation in a murine model of lung infection, lowering inflammatory cytokine and neutrophils levels in bronchoalveolar lavage fluid [41] . Also, when E. coli 0157:H7 phages in low and high doses were administered in mice, cytokine levels remained within normal ranges. Patterns of those cytokine differences were not dose related, indicating that phage treatment did not result in a strong immune response [42] (for normal ranges, see [43] ). Tothova et al. confirmed that phage therapy of urinary tract infections in mice attenuates the expression of proinflammatory cytokines [44] , and the same effect was reported by Hung et al. using a model of Klebsiella pneumoniae mediated liver abscess and bacteremia in mice [45] . In mice fed with murine norovirus, the inflammatory cytokine profiling showed increased levels of IL-1α, IL-1β, IL-2, IL-10, IL-12, IFN-γ and IFN-α. In contrast, none of those cytokines were increased in mice fed with phage T7 [46] . Phages can also inhibit tissue expression of inflammatory cytokines, as reported by Cao et al. They used a sublethal pneumonia model and discovered that phagetreated mice exhibited lower levels of inflammatory cytokines in their lungs [47] . It has been postulated that data suggesting cytokine-inducing ability of phage preparations in vitro and in vivo may be biased by endotoxin contamination of those preparations. This could result in activation of cytokine-producing cells by that agent rather than phages themselves [34, 48] . Figure 2 shows how phages can downregulate Th1-and Th2-lymphocyte derived cytokine production.
Recently, another mechanism of phage-mediated downregulation of inflammation has been described. The Pf4 phage of P. aeruginosa has been demonstrated to inhibit metabolism and biofilm formation of Aspergillus fumigatus (Af). Phage inhibition of Af growth is caused by iron sequestration, and supplemental iron overcomes phage-mediated inhibition of Af metabolism [49] . It is well known that iron depletion may decrease humoral and cell-mediated immunity as well as cytokine production [50] . Moreover, low-dose iron chelation may markedly impair the activation of T lymphocytes and experimentally induced inflammatory liver damage [51] . Phage therapy does not aggravate anemia and may improve it [26, 52] . The iron-chelating potential of other phages and the clinical significance of those findings are presently unclear and require further studies. However, this interesting phenomenon supports the notion of the ability of phages to control excessive immune reactions and inflammatory responses, also confirmed by our report showing that phage therapy downregulates laboratory markers of inflammation in the patients treated [53] .
Toll-like receptors (TLRs) are the best-studied class of pattern recognition receptors which recognize conserved components of microbes called pathogen-associated molecular patterns. Recognition of pathogen-associated molecular patterns by pattern recognition receptors, including TLRs, is essential for the induction of innate immune responses to pathogenic viruses. However, while knowledge about the interactions between pathogenic viruses and TLRs is very extensive, data on the effects of phages on TLRs are extremely scanty. In fact, to the best of our knowledge, there are only two studies to suggest that phage virions can stimulate TLRs. In the first study, mice deficient in MyD88, a protein essential for signaling through all TLRs (except TLR3), unlike wild-type mice, did not respond to M13 phage immunization [54] . The second study was performed on a murine model of melanoma and showed that bacteriophageinduced tumor regression, production of proinflammatory cytokines and chemokines by tumor-infiltrating macrophages, and neutrophil infiltration of tumors were almost completely abolished in MyD88-deficient mice compared with wild-type mice [55] . However, it needs to be stressed that no study has been conducted yet to evaluate direct interactions between phage particles and individual TLRs. Our studies have revealed that neither purified T4 phage nor E. coli phage lysate significantly affect the expression of TLR2 and TLR4 on human monocytes [32] .
Although the vast majority of reports highlight the downregulation of immune reactions by phages, Lepage et al. suggested that bacterial viruses may contribute to the aberrant immune response in patients with Crohn's disease [56] . Higher phage concentrations were detectable in the gut intestinal mucosa of those patients than in healthy controls. Furthermore, decreased amounts of viral particles were present in ulcerated mucosa compared with nonulcerated mucosa [56] . These data, however, may also be interpreted to suggest the beneficial role of phages in protecting patients' mucosa, as suggested by Barr et al. [15] Therefore, more studies are needed to elucidate the significance of those findings. Riley suggested that phages could play a role in the pathogenesis of autoimmune disease due to the fact that they future science group www.futuremedicine.com are immunogenic and -in theory -may act as antigens on epithelial surfaces, through molecular mimicry and as superantigens [57] . However, neither experimental nor clinical data available so far corroborate this hypothesis, and -as stated earlier -the data of Barr et al. [15] strongly suggest the protective role of phages present on epithelial surfaces. Moreover, it is well known that oral phage administration in mice and man allowing for subsequent phage-epithelial surface interactions in the gut induces only very weak antibody production [21, 23, 24] .
Phages & platelets
Platelets are well-known modulators of the immune response, leading to inflammatory activation, allograft rejection and autoimmune diseases [58] . Some of those effects may be dependent on platelet-derived extracellular vesicles which can mediate inflammation and upregulation of immune reactions. Therefore, interest in the role of blood platelet derived microvesicles is constantly growing [59] . These properties in combination with the sheer amount of platelets circulating in the blood stream make them an important force in the immune response during health and disease [58, 60] .
Resting platelets can bind T phages, and this ability is markedly enhanced following collagen activation. The binding may be abolished by a monoclonal antibody to β3 integrin as well as a peptide containing the KGD sequence. No binding took place using platelets from a patient with Glanzmann's thrombasthenia (whose platelets did not show expression of β3 integrin). Platelets adhere to immobilized T4 and HAP1 phages, and their activity toward T4 is significantly stronger. Moreover, T4 phages significantly inhibit platelet adhesion to fibrinogen and only marginally inhibit T-cell adhesion; they also significantly inhibit thrombin-induced platelet aggregation in vitro [16, 61] . Some eukaryotic viruses can invade and replicate in platelets causing thrombocytopenia which is common in patients with viral infections [62] . Our findings on phage interference with adhesion and replication of some viruses [63] combined with the observations made in patients on phage therapy in whom some minor fluctuations in platelet counts could be noted [52] as well as the data summarized above, suggest that further studies are needed to shed light on phage interactions with platelets, with potential practical implications for the development of novel therapies.
Anticancer effects of phages
In the past two decades, data have accumulated to suggest that phages may be effective in inhibiting tumor growth and metastases formation. This confirms observations made already in 1940 indicating that phages have antitumor activity in mice and rabbits [64] .
Interestingly, similar to those described above, molecular mechanisms may be at least partly responsible for the antimetastatic effects of T4 and its substrain HAP1 phages, against melanoma cells in murine experimental cancer models [65] . Furthermore, using various murine models, we noted that oral phage application was more effective than intraperitoneal phage administration: 3% of metastases inhibition was noted using intraperitoneally purified T phage administration versus 29% inhibition using oral route; these values were 19 and 80%, respectively, for purified HAP1 phage [66] . Another anticancer effect of phages may depend on their ability to enhance antitumor responses initiated by dendritic cell based vaccines [35] . We demonstrated that migration of human and mouse melanoma cells on fibronectin was inhibited by purified phage T4 and HAP1 preparations, an effect independent of the residual LPS [67] . Subsequently, staphylococcal phage lysates have also been shown to inhibit melanoma cell migration in vitro [68] . Moreover, phage lysates of Gram-positive and Gram-negative bacteria did not significantly affect migration of leukemia cells [69] . Eriksson et al. proposed another mechanism of TLR-dependent phage-mediated anticancer effects related to phage ability to activate tumor-associated macrophages, subsequent neutrophil recruitment and neutrophil-mediated tumor destruction [55] . Using a breast cancer model, phages armed with anticancer peptides were shown to mediate antitumor effects while maintaining their antibacterial activities [70] . Those data derived from in vitro and in vivo animal experiments suggest that phages may mediate anticancer effects, both by interfering with metastasis formation and by local destruction of tumor tissue. What is more, T4 phage preparations were able to potentiate the antimetastatic effect of cyclophosphamide [71] . The clinical significance of these findings remains unclear at the present time; however, the results of four trials seem to be encouraging. A trial performed in 131 cancer patients with postoperative wound infections caused by different Gram-positive and Gram-negative bacteria has revealed phage PERSPEctivE Górski, Dąbrowska, Międzybrodzki et al. future science group therapy effectiveness in >80% of patients, and three other trials yielded similar effects; interestingly no significant side effects were reported even during prolonged (several months) phage administration [72] .
Phages versus eukaryotic viruses
Phages may interact directly and indirectly with viruses. Borecky's group has described some clinical data on the effectiveness of native bacteriophage RNA in the treatment of viral infections, a phenomenon that may be partly related to interferon production [73] . The other mechanism may be the direct competition of phages with viruses for cellular receptors for viral cell entry [74] . Recently, we have provided data to support the latter option: T4 phage was found to significantly downregulate both the adsorption and replication of human adenovirus in a dosedependent manner [63] . These data indicate that T4 can inhibit infection by the eukaryotic virus, however, further studies are needed to determine if the phage may be considered a novel antiviral agent. Obviously, potential antiviral effects of other phages should also be investigated.
Future perspective
The data presented in this article clearly indicate that evidence on phage engagement in regulating immunity is accumulating. This knowledge sheds new light on the potential immunoregulatory activities of phages which constitute an abundant part of the microbiome. As recently confirmed, intestinal phages provide a nonhost-derived antibacterial immune defense. Furthermore, there is now ample evidence suggesting that those phages may downregulate activation of immune responses, contributing to maintenance of immune homeostasis in the gut, and -through the process of phage translocation -mediate similar effects on other tissues and organs. Further confirmation of this hypothesis may lead to the development of novel therapies based on phage-mediated immunoregulation. 
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EXEcUtivE SUMMARY
Phages & gut-associated lymphoid tissue
• Phages are present in high concentrations in the intestinal tract, where they may interact not only with bacteria but also with cells of the gut-associated lymphoid tissue.
Phage receptors mediating interactions with immune cells
• Phages may interact with cells of the immune system through their proteins and cellular receptors. Some of these receptors appear to belong to the β-integrin family.
Phage-dependent immunoregulation
• Phage interactions with immune cells seem to have immunomodulatory action, downregulating the heightened responses both in vitro and in vivo without causing immune deficits. •• A comprehensive review of current knowledge about the relationship between the human microbiome and potential for using this knowledge for treating and preventing disease. 
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